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Introduction {#sec1}
============

Current estimates indicate that approximately 10% of the entire human genome codes for RNA-binding proteins (RBPs) ([@bib49]). RBPs interact with coding and non-coding RNAs to regulate gene expression at all levels, including transcription, splicing, polyadenylation, localization, stabilization, degradation, as well as protein synthesis via their roles in translation ([@bib13]; [@bib39]; [@bib49]; [@bib94]). Consequently, dysregulation or mutation of RBPs impacts cell viability and function, and has been linked to diseases, such as cancer ([@bib77]) and neurodegeneration ([@bib17]).

RBPs employ RNA-binding domains (RBDs) to engage their target RNAs. The majority of RBPs contain more than one RBD, resulting in a large combinatorial variety of different domain classes, and diversity of architectures and modes of target RNA sequence binding. In many cases these domains are separated by flexible linker regions ([@bib3]; [@bib39]). The modular architecture of RBPs and the exact spatial arrangement of the RBDs are thought to be critically important for the specificity of target RNA binding. In general, most RBDs can accommodate only three to five contiguous RNA bases, which cannot be used to discriminate target from non-target RNAs within the transcriptome in the complex cellular environment. Therefore, the composition and architecture of multiple RBDs within one or multiple RBPs is believed to be required to endow specificity ([@bib5]; [@bib46]; [@bib47], [@bib48]). Over the years, there have been a number of efforts to examine structural features that dictate RBP/RNA-binding specificity ([@bib16]). These efforts have increased our understanding of how single RBDs engage their target sequences, and in some cases offered insights into the role of multi-domain arrangements in the recognition process. Additionally, efforts to map the RBP/RNA-binding landscape *in vitro* and *in vivo* have now highlighted that protein features beyond the domain boundaries of RBDs play an important role in directing specificity ([@bib88]). Moreover, we now appreciate that target RNA recognition employs complex binding modes that depend on the target itself, such as secondary and tertiary structures of the RNA, presence and distribution of bipartite motifs, and nature of flanking nucleotides ([@bib22]). However, a detailed mechanistic view of how multiple RBDs recognize their cognate single-stranded RNA (ssRNA) sequences in concert is largely missing.

The main obstacle to structural characterization of RBP/ssRNA interactions stems from technical difficulties in expressing and purifying multi-domain and full-length constructs of RBPs, as well as generating high-quality samples for crystallization or cryo-electron microscopy (cryo-EM) analysis. Some notable exceptions in this area have been the structures of large ribonucleoprotein (RNP) machineries, such as ribosomes ([@bib9]; [@bib104]) and spliceosomes ([@bib106]; [@bib111]). In those cases, years of breakthrough work toward defining critical components that must engage in order to generate a stable assembly amenable to isolation and structural characterization played a critical role. Therefore, as seen in these examples, defining the interactome can be a powerful strategy toward enabling detailed structural and mechanistic studies.

However, the large majority of RBPs, especially those interacting with long non-coding RNAs (lncRNAs), are proving to be exceptionally recalcitrant to structural characterization. As of the time of this report, the number of lncRNA-related structural information, including RBDs and RBPs, known to engage lncRNA, reported in the Protein Data Bank, has been limited (less than 20 RNA and protein/RNA complexes out of more than 160,000 structures reported). Here, we address this challenge by presenting the results of our comprehensive and systematic investigation of Upstream of N-Ras (Unr), an RBP with multiple RBDs and a model system for understanding sequence specificity of modular RBDs toward target RNAs. In *Drosophila*, Unr (dUnr) performs sex-specific roles during dosage compensation. In female flies, dUnr, together with Sex-lethal (Sxl), represses translation of Male-specific lethal 2 (Msl2), the rate-limiting component of the dosage compensation complex (DCC) ([@bib1]; [@bib2]; [@bib25]), whereas in male flies, dUnr has an opposite role and acts together with the RNA helicase Maleless (Mle) presumably as an RNA chaperone to remodel the lncRNA roX2 (RNA on X 2), which promotes the assembly of the DCC ([@bib70]). The human ortholog, Unr/CSDE1, is linked to several cellular processes, including cell migration, differentiation, and apoptosis, where it predominantly acts as a cytoplasmic RBP to regulate translation and stability of its target mRNAs ([@bib11]; [@bib23]). Attesting to its important roles in post-transcriptional regulation, Unr/CSDE1 has been linked to diseases, including Diamond-Blackfan anemia, autism, and cancer progression ([@bib30]; [@bib44]; [@bib51]; [@bib87]; [@bib113]; [@bib114]).

Previous studies have suggested that Unr, a 1,039-amino acid (aa)-long protein, uses five cold-shock domains (CSDs), distributed evenly throughout the protein sequence, to engage the target RNAs ([@bib54]). In this model, CSDs account for about 31% of the entire protein, leading to the suggestion that the rest of the protein was unstructured. Prior structural analysis has focused on the first CSD ([@bib47]). Although the work provided an initial view of this region, questions related to target specificity, especially in the context of the full-length protein, were not addressed beyond observations that CSDs in isolation are relatively promiscuous RNA binders ([@bib42]; [@bib55]; [@bib60]; [@bib86]; [@bib115], [@bib116]; [@bib118]), and that target specificity of Unr might increase for full-length Unr or during cooperative binding with other RBPs ([@bib47]).

In this study, we employ a range of biochemical, structural, cell-based, RIP-seq (RNA immunoprecipitation coupled with next generation sequencing), and proteomic approaches to investigate the structural and RNA binding properties of Unr. Our multipronged approach led to an unexpected discovery that Unr contains four additional CSDs. These CSDs display high structural similarity to the five previously identified CSDs. However, we demonstrate that they do not bind RNA directly, but rather play a scaffolding role and make interdomain contacts that stabilize the protein and interactions with RNA and other binding partners within the Unr interactome. Thus, these non-canonical CSDs (ncCSDs) represent a new paradigm in RBD/RNA recognition, whereby structured pseudo-RBDs and interdomain interactions influence RNP target specificity.

Results {#sec2}
=======

Unr Contains Novel ncCSDs {#sec2.1}
-------------------------

For structure determination of dUnr, we initially employed the "divide and conquer" approach and tested 117 constructs with different boundaries for expression and solubility ([Table S1](#mmc1){ref-type="supplementary-material"}). The boundaries were chosen to encompass predicted CSDs ([Figure 1](#fig1){ref-type="fig"}A) and N- and C-terminal extensions, based on secondary structure predictions using JPred4 ([@bib24]). Surprisingly, most soluble constructs included additional regions beyond the predicted CSD boundaries and exhibited features of structured domains based on ^1^H,^15^N-HSQC NMR spectra ([Figure S1](#mmc1){ref-type="supplementary-material"}A). We solved crystal and/or NMR structures of four different constructs ([Figures 1](#fig1){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"}B--S1D; [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}; PDB: [6Y6M](pdb:6Y6M){#intref0010}, [6Y6E](pdb:6Y6E){#intref0015}, [6Y4H](pdb:6Y4H){#intref0020}, and [6Y96](pdb:6Y96){#intref0025}), which clearly showed the presence of additional CSDs in between those that have already been identified ([Figure 1](#fig1){ref-type="fig"}B; [Figures S1](#mmc1){ref-type="supplementary-material"}E--S1G). These additional CSDs are structurally highly homologous to other CSDs ([Figures S1](#mmc1){ref-type="supplementary-material"}E--S1G, with root-mean-square deviations \[RMSDs\] between 0.7 and 2.5 Å) and showed the typical arrangement of five antiparallel β-sheets forming a β-barrel. However, these additional domains lack the conserved canonical RNA-binding residues ([F]{.ul}G[F]{.ul} and ([F/Y]{.ul})F[H]{.ul}; [Figure 1](#fig1){ref-type="fig"}C), which on the structures of canonical CSDs were found to point to the outside of the barrel ([Figure S1](#mmc1){ref-type="supplementary-material"}G). Another distinct feature is an extended loop between β strands β1 and β2 ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}E), which may act as a protein-protein interaction platform. Based on these differences, we refer to these newly discovered domains as ncCSDs and revise the existing Unr model to include the additional four ncCSDs (here numbered 2, 4, 6, and 8) in between the originally annotated five CSDs (now numbered 1, 3, 5, 7, and 9) ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Revised Domain Assignment in *Drosophila* Unr (dUnr)(A) Hitherto domain arrangement scheme of *Drosophila* Unr that shows the distribution of the five canonical CSDs that have been previously annotated (1, 2, 3, 4, and 5).(B) Revised domain arrangement scheme (middle) that shows the distribution of previous CSDs (now numbered 1, 3, 5, 7, and 9; purple) and the four non-canonical CSDs (ncCSDs) we discovered in this work (2, 4, 6, and 8; cyan). (Clockwise) NMR solution structures of dUnrCSD12 (aa 179--344; PDB: [6Y6M](pdb:6Y6M){#intref0115}), CSD78 (aa 756--922; PDB: [6Y4H](pdb:6Y4H){#intref0120}), CSD9 (aa 899--989; PDB: [6Y96](pdb:6Y96){#intref0125}), and a crystal structure of CSD456 (aa 424--677; PDB: [6Y6E](pdb:6Y6E){#intref0130}), all determined in this study, are arranged around the revised domain arrangement scheme; note that only a single representative NMR assemble structure is shown per construct for clarity, and ensembles are provided in [Figure S1](#mmc1){ref-type="supplementary-material"}.(C) Sequence alignment of *Drosophila* canonical CSDs and ncCSDs. The same or similar residues between all domains are colored; similar residue regions between the canonical CSDs are highlighted by red boxes, which align with the two RNA-binding regions (Y/FGF and FFHF). Additional loops only present in ncCSDs are highlighted by a blue box. The alignment has been done using Emboss Needle ([@bib69]), and ESPript ([@bib84]) has been used for illustration.(D) Search results of UniProtKB, using a new hidden Markov model based on an ncCSD sequence alignment ([Figure S1](#mmc1){ref-type="supplementary-material"}J). Examples of different protein families containing the predicted ncCSDs are highlighted.

The presence of these ncCSDs in human Unr/CSDE1 was confirmed using ^1^H,^15^N-HSQC spectra ([Figure S1](#mmc1){ref-type="supplementary-material"}H) and the revised sequence alignment that showed that Unr/CSDE1 ncCSDs also lack RNA-binding residues ([Figure S1](#mmc1){ref-type="supplementary-material"}I). Previously, the hidden Markov model, which was used to identify CSDs, has been trained on these RNA-binding motifs (Pfam: PF00313) ([@bib27]), explaining why these novel ncCSDs passed unnoticed. Of note, the UniProt entry of human Unr (hUnr), but not dUnr, annotates nine CSDs to the sequence. However, this information can be traced back to an entry from the year 2000, and the basis for this prediction is unclear. Nevertheless, all publications about Unr mention five CSDs, whether human or other species. We used HMMer ([@bib80]) to generate a new hidden Markov model based on the conserved hydrophobic core residues of ncCSDs, and iteratively searched the sequence database of UniProtKB ([@bib7]) for the existence of ncCSDs in other proteins ([Figure 1](#fig1){ref-type="fig"}D). Besides all Unr-related proteins, ncCSDs were also found in other proteins that feature canonical CSDs (e.g., cold-shock DNA-binding domain protein \[*Clostridium sp. CAP:1000*\]; R3H domain-containing protein \[*Phytophthora ramorum*\]). Similar to Unr, ncCSDs are most often found in spacing regions between canonical CSDs. However, there is also a class of 25 proteins, without any other domain prediction. In total, 1,038 proteins across species were predicted to contain ncCSDs ([Figure 1](#fig1){ref-type="fig"}D).

Taken together, our systematic and unbiased approach to structural characterization of Unr revealed the presence of ncCSDs that lack residues implicated in RNA binding dispersed in between the canonical CSDs. Moreover, we overcame technical challenges to generate high-quality samples that enabled us to conduct in-depth mechanistic studies of how multi-domain RBPs that feature both canonical RBDs (CSD) and pseudo-RBDs (ncCSDs) engage target RNA.

RNA Binding in a Multi-domain Context with Canonical CSDs and ncCSDs {#sec2.2}
--------------------------------------------------------------------

We subjected our multi-domain constructs to further biophysical analysis aimed at quantifying their RNA binding and understanding the roles of different domains in RNA recognition. Electrophoretic mobility shift assays (EMSAs) done with constructs that contain canonical CSDs and ncCSDs (CSD123, CSD456, CSD789) show binding of all tested proteins to stem loops 6 and 7 of roX2 lncRNA ([Figure 2](#fig2){ref-type="fig"}A). CSD456, featuring only one canonical CSD, binds with a K~D~ of 16 μM, comparable with the affinity of CSD1 alone ([@bib47]). Similar affinity was seen for CSD789 that includes two canonical CSDs (K~D~ of 32 μM; [Figure 2](#fig2){ref-type="fig"}A). Interestingly, RNA-binding affinities measured by NMR of both CSD78 and CSD9 constructs were found to be significantly weaker (around 200--300 μM; [Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B), suggesting that synergistic binding within CSD789 may play a major role in enhancing RNA-binding affinity. Concomitant with these observations, an NMR titration of CSD789 with an A15-mer RNA results in chemical shift perturbations (CSPs) of residues in all three domains in the intermediate-to-slow exchange regime ([Figure S2](#mmc1){ref-type="supplementary-material"}C) as opposed to the single domains, which showed binding in the fast exchange regime ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2E), indicating that the affinity of CSD789 toward RNA is considerably stronger than that of the CSD78 or CSD9 constructs.Figure 2RNA Binding of Unr Constructs(A) EMSAs show binding of Unr full-length and different triple-domain constructs to the stem loops 6 and 7 of lncRNA roX2 (see inset).(B--D) ^1^H,^15^N-HSQC NMR titration experiments with different amounts of 9-mer RNA (5′-AAA AAA AUG-3′), derived from the stem loop 6 of roX2 and the derived chemical shift perturbation (CSP) plots, for CSD12 (B), CSD456 (C), and CSD789 (D). The red line in the CSP plots indicates the value of the average plus the standard deviation of all measured shifts.

We observed that CSD123 compared with CSD456 and CSD789 binds RNA with much higher affinity (1--2 μM), potentially because of the higher theoretical isoelectric point of CSD1 (8.03, versus average of 6.06 for other CSDs). This affinity approaches the one measured for full-length Unr (0.5--1 μM; [Figure 2](#fig2){ref-type="fig"}A) and is in agreement with the observation that the Unr N-terminal CSDs are sufficient for translational repression of *msl-2* mRNA ([@bib1]).

To probe whether ncCSDs contribute to RNA binding of these multi-domain constructs, we employed NMR titration experiments with polypurine-rich 9-mer RNA (adapted from the loop of lncRNA roX2 SL6). Due to aggregation problems with CSD123 at concentrations needed for these experiments, we used CSD12 instead. Our results showed that only CSD1, but not ncCSD2, interacts with the RNA as derived from NMR CSPs ([Figure 2](#fig2){ref-type="fig"}B). Similar observations were made for CSD456, where ncCSD4 and ncCSD6 flanking CSD5 do not show major CSPs ([Figure 2](#fig2){ref-type="fig"}C). Additionally, we observed no RNA-induced CSPs for the isolated ncCSD6 construct ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Finally, NMR-monitored RNA titration experiments using CSD789 and CSD78 showed that in the context of these constructs, several ncCSD8 residues (e.g., R866, C867, and I868) exhibit CSPs ([Figures 2](#fig2){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}E). However, titration of RNA to an isolated ncCSD8 did not induce CSPs ([Figure S2](#mmc1){ref-type="supplementary-material"}F), suggesting that the effects seen in the multi-domain constructs are likely due to proximity effects, as a positively charged area on ncCSD8 is located close to the RNA-binding interface of CSD7 ([Figure S2](#mmc1){ref-type="supplementary-material"}G). Taken together, our RNA-binding studies indicate that although ncCSDs do not interact with RNA in isolation, they may contribute to RNA binding. Additionally, we also observed cooperativity effects when RNA affinity was measured in the context of multi-domain constructs that include both canonical and ncCSDs.

Interdomain Contacts Mediate Fixed Spacing and Orientation between Canonical CSDs and ncCSDs {#sec2.3}
--------------------------------------------------------------------------------------------

To define the factors that impact the cooperativity further, we analyzed structures of multi-domain constructs used in this study to map the residues involved in interdomain contacts and examine their roles. In the crystal structure of CSD456, interdomain contacts between CSD5 and both ncCSD4 and ncCSD6 are clearly discernable and mediated by F477 on ncCSD4; L505, T521, R533, Q538, E547, L549, and R582 on CSD5; and F593, N663, and R662 on ncCSD6 ([Figure 3](#fig3){ref-type="fig"}A). These contacts appear to keep the domains at a certain distance and orientation to each other ([Figure 3](#fig3){ref-type="fig"}A). To confirm that these contacts are also present in solution and are not artifacts due to crystal packing, we used small-angle X-ray scattering (SAXS). The fit between experimentally observed scattering densities and back-calculated scattering densities from the crystal structure (χ of 1.02; SASBDB: SASDHJ7) strongly suggests that the fixed domain arrangement seen in the crystal structure is maintained in solution ([Figures 3](#fig3){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}A; [Table S4](#mmc2){ref-type="supplementary-material"}). Concomitant with these observations, the NMR structure of CSD78 also has a fixed domain-domain distance and orientation, verified by 49 interdomain and 48 domain-linker NOE-based distance restraints ([Figures 3](#fig3){ref-type="fig"}B and 3C). This interface mostly consists of hydrophobic interactions formed by residues R765, F767, A769, L803, and E806 on CSD7, and I837, Y865, I887, and T888 on ncCSD8. The fixed domain arrangement and overall conformation were additionally confirmed by SAXS ([Figures 3](#fig3){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}A; [Table S4](#mmc2){ref-type="supplementary-material"}; χ = 1.1; SASBDB: SASDHK7) and ^15^N NMR relaxation data, which provide a measure of dynamics on a residue resolution level. The rotational correlation time is similar over all the residues in CSD78 and too elevated if independent molecular tumbling of each domain is assumed (CSD78: τ~c~ = 12.7 ± 1.2 ns), indicative for a joint tumbling of the two domains ([Figures 3](#fig3){ref-type="fig"}D and [S3](#mmc1){ref-type="supplementary-material"}B; [Table S5](#mmc1){ref-type="supplementary-material"}).Figure 3Interdomain Contacts between Canonical CSDs and ncCSDs within Unr(A) Interdomain contacts between CSD4 and CSD5 and between CSD5 and CSD6 derived from the crystal structure are highlighted in pink (boldfaced labeled residues colored in hot pink are mutated in experiments described below). The SAXS scattering curve of dCSD456 in solution (black dots) fits the back-calculated scattering density of the crystal structure (cyan) (χ = 1.02; SASBDB: SASDHJ7).(B) The NMR solution structure of CSD78 shows a network of NOEs between both domains. These mostly hydrophobic interactions keep the domain arrangement fixed (highlighted in pink; residues labeled boldfaced and colored in hot pink are mutated in experiments described below). The SAXS scattering curve of dCSD78 in solution (black dots) fits to the back-calculated scattering density of the NMR structure (cyan) (χ = 1.1; SASBDB: SASDHK7).(C) Exemplary NOE strips of the 3D ^13^C,^1^H,^1^H HMQC-NOESY spectrum of CSD78 highlight interdomain NOEs (red) that were detected and used in structure calculations.(D) ^15^N relaxation data of CSD78 indicating joint tumbling of CSD7 and CSD8 in solution, with flexible regions (residues between R813 and L824) within the domains (flexible loop between β strands 4 and 5 of CSD7).(E) CSD12 is lacking interdomain NOEs but shows only a three-residue-long linker, without NOEs, including one proline (labeled bold). Relaxation data of CSD12, indicating tumbling of the two single domains together in solution. Flexible residues are located between L270 and T285, which corresponds to an interdomain loop between β strand 1 and 2 in CSD2. The rotational correlation time (τ~c~) derived from ^15^N longitudinal and transverse relaxation experiments is plotted per residue. The error bars indicate the error propagation from errors of the two relaxation experiments, which are derived from the quality of the exponential fit and the deviation between duplicates of two different relaxation delays.

^15^N NMR relaxation experiments showed the same observation for CSD12. The high rotational correlation time (τ~c~ = 10.1 ± 1.9 ns) suggests that the two domains have a limited freedom of movement with respect to each other ([Figures 3](#fig3){ref-type="fig"}E and [S3](#mmc1){ref-type="supplementary-material"}C; [Table S5](#mmc1){ref-type="supplementary-material"}). This indicates a joint tumbling of the two domains as well. Although interdomain NOEs are lacking, linker-domain NOEs between CSD1 and linker region residues up to A252 and NOEs between CSD2 and linker starting after residue E254 may explain this. Thus, there are only three residues in the linker with only sequential and intra-residue NOEs, of which the central residue is a proline (P253) ([Figure 3](#fig3){ref-type="fig"}C), which can increase linker rigidity ([@bib79]; [@bib81]). Despite the absence of rigid domain-domain interactions, the two single domains within CSD12 have a limited freedom of movement with respect to each other.

Interestingly, the already mentioned extended loop between β strands β1 and β2 present in ncCSDs, but not canonical CSDs, is flexible in ncCSD2 ([Figures 3](#fig3){ref-type="fig"}E and [S3](#mmc1){ref-type="supplementary-material"}C). Also, electron density in the corresponding region in ncCSD4 and ncCSD6 was weak or absent in X-ray diffraction data of CSD456, indicating flexibility. On the other hand, ^15^N relaxation data of CSD78 do not show decreased rotational correlation times for corresponding residues in ncCSD8, most likely because of interdomain interactions with CSD7. Because the amino acid sequence in this region is not conserved and also domain-domain interactions between nCSD4-CSD5, CSD5-nCSD6, and CSD7-nCSD8 are of different compositions and at different locations, it cannot be concluded that this extended loop region is a general CSD-CSD interaction interface ([Figure S3](#mmc1){ref-type="supplementary-material"}D).

Taken together, although some linkers between canonical CSDs and ncCSDs may remain flexible, ncCSDs clearly impose spatial restrictions on canonical CSDs. We hypothesize that ncCSDs act as scaffold domains to maintain distance and orientation between the canonical CSDs and restrict conformational flexibility. Thus, ncCSDs might indirectly contribute to RNA binding by positioning the RNA-binding motifs of canonical CSDs (or potential protein-interaction surfaces) toward target RNAs and/or RNP complexes, and as such induce RNA/RNP tertiary structure specificity.

Interdomain Contacts in Full-Length Unr Impact Protein Stability, RNA Binding, and Translation {#sec2.4}
----------------------------------------------------------------------------------------------

We next examined the role of interdomain contacts in stabilizing the overall structure of full-length Unr and impacting its function. We focused our analysis on interdomain residues located in loop regions that lack secondary structure, yet were identified to form interdomain contacts. We generated a series of single mutants as shown in [Figure 4](#fig4){ref-type="fig"}A, as well as double and triple mutants as follows: F477A/R582A (referred to as 45 ID given that it disrupts interdomain interactions between CSDs 4 and 5), Q538A/F593A (56 ID, disrupting CSDs 5 and 6 interactions), and L803A/Y865A/I887A (78 ID, disrupting CSDs 7 and 8 interface) ([Figures 3](#fig3){ref-type="fig"}A, 3B, and [4](#fig4){ref-type="fig"}A). Overall, CSD456 and CSD78 mutants displayed decreased stability when compared with wild-type (WT) CSD456 and CSD78, as established by measuring melting temperatures using differential scanning fluorimetry (DSF) ([Figure 4](#fig4){ref-type="fig"}B). As can be seen, even single-point mutants displayed a significant decrease in melting temperature of up to 10°C compared with the WT, suggesting that the structural integrity of these constructs has been substantially compromised. Our ^1^H,^15^N-HSQC experiments and SAXS data, as well as the decreased solubility observed during the purification process, all further support this view ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C). The aggregation potential observed in ^1^H,^15^N-HSQC spectra of different single-mutant CSD78 proteins is not as drastic as for most of the CSD456 mutants ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Aggregation is stronger for the Y865A mutant, followed by the I887A mutant. The L803A mutant is the only one not showing visible aggregation, but strong and numerous CSPs indicative of perturbed domain-domain interactions. The unvaried peak dispersion, however, shows that the overall fold is retained ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Strikingly, in the context of the full-length protein, single and double mutations between CSD45 and CSD56 had a minor influence on full-length protein stability ([Figure 4](#fig4){ref-type="fig"}B). To further assess the structural integrity of CSDs in Unr full-length mutants, we employed circular dichroism (CD) spectroscopy ([Figure S4](#mmc1){ref-type="supplementary-material"}D). The derived secondary structure content in WT and mutants was similar, indicating that the mutations indeed affect only the interdomain contacts, but not the overall CSD domain fold ([Figure S4](#mmc1){ref-type="supplementary-material"}D). Thus, mutants in a full-length context allow for meaningful *in vitro* and cellular functional studies at least for the single and double mutants between CSD45 and CSD56.Figure 4Unr Interdomain Contacts Play a Role in RNA Target Selectivity and Translational Repression(A) Schematic presentation of the inserted mutations within the full-length protein.(B) Melting temperatures for CSD456, CSD78, and full-length Unr wild-type (WT) and mutants as determined by DSF. Measurements were done in duplicates. Shown is the mean, and the error bars indicate the standard error.(C) Volcano plots showing the difference of RNA targets of the RIP-seq experiment between the WT and interdomain mutant samples (456 ID left graph, 456-78 ID right graph). The log2(fold change) is plotted against the log10 adjusted p value; n = 3.(D) Venn diagrams showing the numbers of positive (upper graph) and negative (lower graph) enriched targets of the different mutants compared with the WT.(E) Left: schematic representation of the experimental setup of the cellular reporter gene assay and the used reporter gene construct. The 5′ and 3′ UTRs are derived from the *msl2* mRNA exhibiting the binding sites for SXL (gray) and Unr (blue); the open reading frame is coding for β-galactosidase. Middle: relative translation of β-galactosidase after expression of different Unr mutants normalized to the level of the WT protein. Translation levels were further normalized to the ones from Renilla and the levels of the reporter RNA; n = 3. Shown is the mean, and the error bars indicate the standard error. Right: knockdown and transfection efficiency assessed by western blot analysis. The upper band in the anti-Unr blot is full-length Unr, and the lower band is a C-terminal truncation.

An exception in both measurements is the single mutation of Q538A, suggesting that this mutation might not disrupt the interdomain contacts efficiently.

We used the full-length Unr mutants (456 ID and 456-78 ID) to further test our hypothesis that interdomain contacts are important determinants of RNA specificity. We performed RIP-seq experiments in cells transfected with V5-tagged Unr WT, 456 ID, 456-78 ID, or an empty V5-tag vector (background control). Differences in pulled down RNAs could be observed between the WT protein sample and the interdomain mutants (456 ID and 456-78 ID). However, the total number of significantly enriched genes is higher in mutant pull-downs. 456 ID shows 218 and 456-78 ID 531 genes that are significantly enriched compared with the WT protein. On the contrary, only 75 genes are significantly enriched in the WT over the 456 ID mutant and 290 over the 456-78 ID. 192 genes are overlapping in the positively enriched and 55 in the negatively enriched samples between the two mutants. The total number of differentially bound mRNAs increases with the number of mutations, and most of the changes in 456 ID were also seen in the 456-78 ID mutant, indicating that higher conformational heterogeneity results in less discriminate RNA binding ([Figures 4](#fig4){ref-type="fig"}C and 4D). Due to higher protein levels in the pulled down samples of the WT ([Figure S4](#mmc1){ref-type="supplementary-material"}E), we cannot say with certainty whether the enriched RNAs in the WT samples are due to different binding behavior to these RNAs or to the different input amount. However, these data indicate that, once the conformational heterogeneity of Unr is increased due to mutations, more RNAs are bound and pulled down.

To test the effects of this different RNA-binding behavior on the protein function, we performed reporter gene assays in SL2 cells using *msl-2* mRNA as previously described ([@bib25]; [@bib41]; [@bib47]). We first depleted endogenous Unr and, 3 days after depletion, we transfected a β-galactosidase reporter gene construct containing the 5′ and 3′ UTRs of *msl2* mRNA, together with a Renilla control plasmid and plasmids encoding for Sxl and V5-tagged Unr ([Figure 4](#fig4){ref-type="fig"}E). The interdomain mutant 456 ID shows a significantly higher translational repression of the target mRNA ([Figure 4](#fig4){ref-type="fig"}E), despite having lower cellular protein levels ([Figure 4](#fig4){ref-type="fig"}E, right panel), indicating either increased binding to the reporter or a strengthened translation repression. Mutation of only one of the interdomain interfaces does not show a significant difference with respect to the WT protein. Altogether, these data show that the scaffolding role of ncCSDs and their influence on reduction of conformational heterogeneity have an influence on protein function and change mRNA target specificity of Unr.

Unr Protein Shape Influences Translation Regulation and Binding Partner Interactions {#sec2.5}
------------------------------------------------------------------------------------

To assess whether the observed differences in translational repression are due to different binding of Unr to the target RNA or to a direct effect on translation, we used an *in vitro* tethering translation assay in *Drosophila* embryo extracts as described by [@bib1]. For tethering, we used a construct containing the Firefly luciferase open reading frame (ORF) and a 3′ UTR consisting of nine MS2 binding sites ([Figure 5](#fig5){ref-type="fig"}A, left panel). Recombinant MS2-tagged Unr was then added, and luciferase levels were measured as a proxy of translation. As controls, Renilla luciferase without MS2 binding sites was co-translated, and the data were corrected for variations in Renilla luciferase levels. As negative controls, we added untagged Unr and an unrelated MS2-tagged protein (MBP-MS2). The results showed that, compared with WT Unr, the tested mutants showed decreased activity in translational repression for low protein concentrations ([Figure 5](#fig5){ref-type="fig"}A, middle panel; [Figure S5](#mmc1){ref-type="supplementary-material"}A). These effects are unrelated to variations in mRNA levels ([Figure 5](#fig5){ref-type="fig"}A, right panel; [Figure S5](#mmc1){ref-type="supplementary-material"}A), supporting the conclusion of differential translational regulation by the Unr constructs. Because tethering separates the role of Unr in translation from that in RNA binding, we conclude that the fixed interdomain orientation between CSD456 promotes the regulation of translational repression by Unr independent of the RNA-binding event. Compared with results shown in [Figure 4](#fig4){ref-type="fig"}E, these data also suggest that the differences observed *in cellulo* are due to altered interactions of Unr interdomain mutants with mRNA and/or other protein binding partners.Figure 5Influence of Unr Interdomain Contacts on Cofactor Binding(A) Schematic representation of the *in vitro* translation assay. MS2-tagged Unr gets tethered to the 3′ UTR, which contains nine MS2 binding loops. Binding leads to repression of translation. The same mRNA construct was used before ([@bib1]) (BmutLMS2). Middle: relative *in vitro* translation of the firefly reporter gene over the internal control Renilla after adding increasing amounts of Unr; n = 3. Right: relative reporter mRNA levels after *in vitro* translation (point of 2.5 molar excess of Unr over RNA), measured by qRT-PCR; n = 3. The mean is shown for each data point, and the error bars indicate the standard deviation.(B) A silver-stained polyacrylamide gel, showing the input (I) and elution samples with (+) and without (−) RNase treatment for WT, 456-78 ID, and the empty vector control that were used for the proteomics analysis. Unr, the antibody heavy chain (Ab HC), and the antibody light chain (ab LC) are labeled at the side of the gel.(C) Scatterplot showing the correlation of interdomain mutant versus WT (x axis) and RNase-treated interdomain mutant versus RNase-treated WT (y axis). Colors indicate the cluster number from (D); n = 3.(D) Heatmap representation of the different protein targets of WT and mutant protein samples. Proteins were clustered in five clusters using k means algorithm. The RNase-treated samples were normalized to the RNase-treated WT sample, and the non-treated samples were normalized to the non-treated WT sample. Red indicates upregulation and blue downregulation; n = 3.(E) STRING interaction network, showing possible interactions between the targets that were enriched for the WT samples shown in clusters 1 and 2 of (D). The line thickness represents the STRING score, which represents the strength of data support for the individual interactions ([@bib119]). The inner color of each circle represents the fold-change between interdomain mutant and WT sample; the border line color indicates the difference of enrichments of interdomain mutant versus WT between RNase-treated and non-treated (RNase sensitivity), and the size indicates the average abundance of a protein in the immunoprecipitation mass spectrometry run (top3 value), which correlates with the pull-down efficiency.

To investigate the binding of Unr interdomain mutants to protein partners and map their RNP composition, we performed a protein immunoprecipitation assay followed by comparative quantitative mass spectrometry (MS) for V5-tagged WT Unr and ID mutants expressed in SL2 cells after depletion of endogenous Unr. To distinguish between direct and RNA-mediated protein-protein interactions, we prepared samples with and without RNase treatment. As observed in the cellular assays described above ([Figure 4](#fig4){ref-type="fig"}E), mutant 456-78 ID had a lower expression level in cells, which inevitably led to lower Unr concentrations in the pull-downs ([Figures 5](#fig5){ref-type="fig"}B and [S5](#mmc1){ref-type="supplementary-material"}B). Consequently, enriched protein hits for the mutant sample, especially in cluster 5, were subunits of the proteasome ([Figures 5](#fig5){ref-type="fig"}C, 5D, [S5](#mmc1){ref-type="supplementary-material"}B, and S5C, cluster 5), which indicates that mutant Unr has a severely affected stability and is targeted by the protein quality-control system. As a consequence, we cannot definitively claim that the proteins are depleted in mutant Unr samples as a consequence of lower affinity for mutant versus WT Unr. However, focusing on Unr interactors that decreased in the 456-78 ID background compared with WT, we found that only 32 candidates are enriched in the WT ([Figures 5](#fig5){ref-type="fig"}C and 5D, clusters 1 and 2). Thus, having a mutation that brings down the Unr levels enabled us to define the Unr interactome and define the composition of Unr RNPs ([Figures 5](#fig5){ref-type="fig"}C and 5D, clusters 1 and 2). All of the 32 hits are RBPs, and some of them are well-known regulators of translation or mRNA degradation. Notably, our analysis was able to identify a previously reported binding partner of Unr, poly(A)-binding protein (PABP) ([@bib14]; [@bib26]), which we find to be enriched even in RNase-treated samples, indicating that this interaction is RNA independent. In contrast, other targets show reduced binding after RNase treatment, showing that binding is likely mediated by RNA. One example for an RNA-dependent interaction is Sister-of-sex-lethal (Ssx), which is a homolog of Sxl, known to exhibit comparable *msl-2* mRNA-binding activity while being incapable of engaging Unr directly ([@bib72]). This consensus with previous studies further strengthens the reliability of our results. Additional hits of special interest include Hrb27c (Hrp48), which is known to be a necessary component of the *msl2* mRNA translation repression complex together with Sxl and Unr ([@bib100]). Other interaction partners we identified include proteins that play a role in miRNA processing (Ago1; [@bib75]), splicing (Rm62 \[[@bib8]; [@bib66]\], Nito \[[@bib63]\], and Rump \[[@bib37]; [@bib59]\]), RNA degradation (Upf1 \[[@bib35]\] and Edc3 \[[@bib29]\]), and RNA localization (Imp \[[@bib73]\], tral \[[@bib110]\], and Ref1 \[[@bib85]\]). Another striking fact is that some of the targets, such as 4E ([@bib65]; [@bib107]), tral, Hrb27C, and Imp ([@bib45]), are already previously identified PABP interaction partners, suggesting that these proteins may be involved in formation of a larger RNP complex. A STRING analysis shows a potential network of known interactions between most of the hits ([Figure 5](#fig5){ref-type="fig"}E).

Taken together, these results suggest that domain organization within the full-length Unr is of critical importance for its role in translation and for maintaining the integrity of the Unr RNA interactome. In this context, Unr interdomain interactions between canonical CSDs and ncCSDs are determinants of RNA tertiary structure specificity. Further, by using the mutant protein as a binding-decreased interaction control of Unr in our proteomics analysis, we could gain insight into the Unr interactome and its specific role in several cellular processes and complexes.

Discussion {#sec3}
==========

Understanding protein-RNA recognition and RNA-binding specificity is a prerequisite for obtaining mechanistic and functional insights of how RBPs regulate RNA fate. However, the number of available high-resolution structures of multi-domain RBPs remains very limited. In the work reported here, we describe several high-resolution structures that dissect the multi-domain organization of Unr. Importantly, we discovered that Unr contains previously unknown ncCSDs. As we show here, ncCSDs display a high degree of structural similarities to CSDs but lack RNA-binding motifs, which might have been the reason why they remained cryptic and unannotated until now ([Figures 1](#fig1){ref-type="fig"}A, 1C, and [S1](#mmc1){ref-type="supplementary-material"}B--S1J). This suggests that ncCSDs might have been overlooked in other proteins as well, and a hidden Markov model-based iterative search through UniProtKB ([@bib7]) indicates that these ncCSDs are not only present in *Drosophila* Unr, but are in several other proteins throughout different phyla, often located close to canonical CSDs in an alternating fashion ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Due to this strong coappearance of CSDs and ncCSDs within one protein and due to their high similarity in structure, it is likely that they evolved from the same domain, maybe by domain duplication ([@bib6]). However, it is currently not clear whether canonical CSDs lost RNA-binding residues during evolution to form ncCSDs or vice versa. Based on these observations, we think that ncCSDs represent an important feature of many proteins that justify further study in order to fully understand the range of their biological roles.

The work reveals an essential scaffolding role for ncCSDs in Unr. Although ncCSDs lack the ability to bind RNA independently, they mediate interdomain contacts that impact overall protein stability ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), and we propose that ncCSDs have an essential role in RNA tertiary structure specificity, translational activity, as well as Unr RNP assembly and composition. Mutational studies in embryo extracts and SL2 cells demonstrated that disruption of this scaffolding function affects translation, which means that these mutations affect RNA binding, RNP composition, and/or RNP interactions with molecular machineries ([Figures 4](#fig4){ref-type="fig"}E and [5](#fig5){ref-type="fig"}A). Indeed, RIP-seq experiments showed that interdomain mutations lead to differential binding to RNA targets by Unr ([Figures 4](#fig4){ref-type="fig"}C and 4D), strongly supporting the proposed scaffolding role.

The ultimate verification of our hypothesis will require structural characterization of the full-length Unr in complex with its target RNA. Given the challenges of preparing stable full-length Unr or CSD1-9 samples, investigations of this complex will likely need to be done in the context of a Unr-dependent RNP. Toward this end, we report here identification of 31 proteins that may be involved in the potential RNP-interactome of *Drosophila* Unr ([Figures 5](#fig5){ref-type="fig"}D and 5E). Thus, this work will inform future efforts to reconstitute an entire RNP for structural studies.

Structural studies with RNA would also provide insight into the exact role of each of the domains in Unr biology. Our results and those reported before show that full-length Unr interacts with the model RNA sequence (SL67 of roX2 lncRNA) with a binding affinity similar to that of the N-terminal construct CSD123. This would suggest that in this context, CSD123 would be sufficient for normal physiology. However, although the N-terminal half of Unr is sufficient for early fly development, the full-length protein is necessary for fly viability at later stages. Flies expressing a truncated version of Unr (CSD1-6 plus the first Q-rich domain) die shortly after eclosion and present dramatic defects on dosage compensation ([@bib76]), indicating that CSDs and ncCSDs other than CSD123 have an essential role in proper protein function. Given that all canonical CSDs share the same RNA-binding residues, have a similar fold, and represent highly promiscuous RNA binders ([@bib47]; [@bib103]), we would expect to see CSD123 being able to compensate for other domains, which is not the case. Instead, we propose that ncCSDs support binding of Unr to structured RNA by reducing conformational heterogeneity. Single-stranded regions within RNAs with an ideal three-dimensional fold could be bound by each RNA-binding motif of canonical CSDs, resulting in a cumulative high-affinity binding. RNAs that have a different, less recognizable fold would be bound by fewer CSDs, resulting in weaker binding. In this model, ncCSDs impose conformational restrictions on the orientations of CSDs and therefore define the target specificity, as well as allow for cooperative mechanisms of binding. Moreover, ncCSDs are likely involved in forming specific protein-protein interactions, which further places restrictions on the ultimate RNA sequence specificity. Thus, despite the fact that each individual CSD is relatively promiscuous and uses short RNA sequences for binding, collectively, restraints imposed by ncCSDs and additional binding partners result in a limited scope of RNA features that the RNP can select for. More speculatively, ncCSDs may represent a new class of pseudo-RBDs, domains that structurally resemble classical RBDs but lack residues critical for RNA binding. Although our analysis suggests that ncCSDs are present in a wide range of proteins across species, future studies will be needed to explore the idea of pseudo-RBDs further. If proven to be relevant to other RBDs, we expect that pseudo-RBDs may become an important platform for synthetic biology and protein-protein interaction inhibitor development.

Overall, the study presented here, as well as previous work on IMP3 integrating SELEX and structural data ([@bib91]), show the importance of developing new methods to detect, characterize, and predict protein-RNA interactions at a global scale. We expect that the work reported here will result in a significant number of revisions to CSD-containing proteins because many of them are likely to contain ncCSDs. Furthermore, advancing systematic strategies for structural, biophysical, transcriptomic, and proteomic characterization of RBPs ([@bib20]), such as the one described here, are essential for uncovering the remaining mysteries of RNA regulation in health and disease.

STAR★Methods {#sec4}
============

Key Resources Table {#sec4.1}
-------------------

REAGENT or RESOURCESOURCEIDENTIFIER**Antibodies**Rabbit polyclonal antibody against Drosophila UnrGenerated in-house in Dr. Gebauer laboratoryN/AMouse monoclonal antibody against V5InvitrogenRRID: [AB_2556564](nif-antibody:AB_2556564){#interref135}Mouse monoclonal antibody against a-tubulinSigmaT9026-100UL; RRID: [AB_477593](nif-antibody:AB_477593){#interref140}**Bacterial and Virus Strains***E. coli* chemically competent BL21(DE3)ThermoFisherC600003*E. coli* chemically competent Dh5a-T1RThermoFisher12297016**Chemicals, Peptides, and Recombinant Proteins**Anti-FLAG M2 magnetic beadsSigmaM8823-1MLSchneider's Drosophila mediumThermoFisher21720001FBSThermoFisher10270106EffecteneQIAGEN301425Pierce ECL Western Blotting SubstrateThermoFisher32209RNase OUTThermoFisher10777019pCp-Cy5Jena BioscienceNU-1706-Cy5Pierce Protein A/G Magnetic BeadsThermoFisher88803Sequencing Grade modified trypsinPromegaV5111TMT10plexThermoFisher90110AAA AAA AUG RNA oligomerBiomersN/AAAA AAA AAA AAA AAA RNA oligomerBiomersN/A**Critical Commercial Assays**BCA Assay KitThermoFisher23227Dual Luciferase Assay SystemPromegaE1910Megascript T7 kitThermoFisherAM1334Galacto Star (Tropix)ThermoFisherT1012Renilla-Glo® Luciferase Assay SystemPromegaE2710Turbo DNA free KitThermoFisherAM1907SuperScript II reverse transcriptaseThermoFisher18064014NEBNext Ultra II Directional RNA Library Prep Kit for IlluminaNEBE7760Pierce Silver Stain KitThermoFisher24612**Deposited Data**Structure of *drosophila* Unr CSD12This paperPDB: [6Y6M](pdb:6Y6M){#intref0030}Structure of *drosophila* Unr CSD456This paperPDB: [6Y6E](pdb:6Y6E){#intref0035}Structure of *drosophila* Unr CSD78This paperPDB: [6Y4H](pdb:6Y4H){#intref0040}Structure of *drosophila* Unr CSD9This paperPDB: [6Y96](pdb:6Y96){#intref0045}NMR data of *drosophila* Unr CSD12This paperBMRB: 34493NMR data of *drosophila* Unr CSD456This paperBMRB: 28088NMR data of *drosophila* Unr CSD78This paperBMRB: 34492NMR data of *drosophila* Unr CSD789This paperBMRB: 28086NMR data of *drosophila* Unr CSD9This paperBMRB: 34498SAXS data of *drosophila* Unr CSD456This paperSASBDB: SASDHJ7SAXS data of *drosophila* Unr CSD78This paperSASBDB: SASDHK7Proteomics dataThis paperProteomeXchange: [PXD018115](pride:PXD018115){#intref0050}RIP-seq dataThis paper<https://www.ebi.ac.uk/ena>: PRJEB37467**Experimental Models: Cell Lines***Drosophila melanogaster*: Schneider's Drosophila Line 2ATCCATCC CRL-1963**Oligonucleotides**Primers for RNAi and qPCR primers, see [Table S5](#mmc1){ref-type="supplementary-material"}Specific for each primer, check [Table S5](#mmc1){ref-type="supplementary-material"}N/A**Software and Algorithms**XDS[@bib56]SBGrid ConsortiumPhenix[@bib64]SBGrid ConsortiumCoot[@bib28]SBGrid ConsortiumNMRPipe[@bib18]SBGrid ConsortiumCara[@bib58]SBGrid ConsortiumCYANA 3.98[@bib43]<http://www.cyana.org/wiki/index.php/Main_Page>Talos[@bib92]SBGrid ConsortiumARIA 1.2[@bib82]SBGrid ConsortiumPROCHECK[@bib61]SBGrid ConsortiumWHATCHECK[@bib50]SBGrid ConsortiumNMRFAM-Sparky[@bib62]SBGrid ConsortiumCcpNMR[@bib105]SBGrid ConsortiumPINT[@bib74]<https://pint-nmr.github.io/PINT/>ATSAS 2.7.1[@bib31]SBGrid ConsortiumSTAR aligner 2.7.1a[@bib21]<https://github.com/alexdobin/STAR>RStudioRStudioSBGrid ConsortiumInkscapeInkscape developers, GNU<https://inkscape.org/>GraphPad Prism 5GraphPad software Inc.<https://www.graphpad.com/scientific-software/prism/>PyMol 1.8.2.3Schrödinger, LLC<https://pymol.org/2/>Gnuplot 4Gnuplot<http://www.gnuplot.info>

Resource Availability {#sec4.2}
---------------------

### Lead Contact {#sec4.2.1}

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Janosch Hennig (<janosch.hennig@embl.de>).

### Materials Availability {#sec4.2.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec4.2.3}

The high resolution structures of the different protein constructs generated in this study are available at the PDB (*Drosophila* Unr CSD12: 6Y6M; *Drosophila* Unr CSD456: 6Y6E; *Drosophila* Unr CSD78: 6Y4H; *Drosophila* Unr CSD9: 6Y96), the NMR assignments at the BMRB (*Drosophila* Unr CSD12: 34493; *Drosophila* Unr CSD456: 28088; *Drosophila* Unr CSD78: 34492; *Drosophila* Unr CSD789: 28086; *Drosophila* Unr CSD9: 34498) and the SAXS data at the SASBDB (*Drosophila* Unr CSD456: SASDHJ7; *Drosophila* Unr CSD78: SASDHK7).

The proteomics datasets generated and analyzed during this study are available at ProteomeXchange (PXD018115) and the RIP-seq datasets at <https://www.ebi.ac.uk/ena> (PRJEB37467). This study did not generate codes.

Experimental Model and Subject Details {#sec4.3}
--------------------------------------

### Bacterial Strains and Culture Conditions to generate plasmids and express protein {#sec4.3.1}

*E. coli* DH5 α (*fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17*) was used to generate plasmids that were cloned in this study. The cells were grown in LB medium at 37°C and harvested after overnight cultures.

*E. coli* BL21 (DE3) cells (*E. coli B dcm ompT hsdS*(r~B~^-^m~B~^-^) *gal*) were used to express the different recombinant proteins. The cells were grown at 37°C. For NMR spectroscopy expression was conducted in isotope labeled M9 minimal medium in H~2~O or D~2~O (for backbone assignments of CSD456 and CSD789), supplemented with ^15^NH~4~Cl and/or ^13^C-glucose as sole nitrogen and carbon source (isotopes were purchased from Cambridge Isotope Laboratories). Proteins that were used for other purposes than NMR were expressed in TB medium. The cultures were induced with 0.2 mM IPTG at an OD~600~ of 0.8 for minimal and 1.2 for TB media and grown over night at 17°C.

### Culturing of Schneider's *Drosophila* Line 2 (SL2) {#sec4.3.2}

SL2 cells (ATCC CRL-1963; male) were kept in culture at 25°C in Schneider's Medium with penicillin/streptomycin (1% v/v) and 10% FBS.

Method Details {#sec4.4}
--------------

### Plasmids {#sec4.4.1}

Plasmids for the expression of *Drosophila* Unr CSD12 (R186-V344), CSD123 (R186-L414), CSD456 (E422-H677), CSD6 (F593-H677), CSD78 (A756-K922), CSD789 (A756-K922), CSD8 (P840-K922) and CSD9 (G911-D990) (UniprotKB: Q9VSK3) and all other 111 tested constructs ([Table S1](#mmc1){ref-type="supplementary-material"}) were derived from pETM11 (derived from pBR322; G. Stier) and comprise a His~6~- affinity tag connected via a tobacco etch virus protease (TEV)-cleavage site to Unr.

For *in vitro* translation assays Unr full-length was cloned into a pET15b-derived MS2 fusion vector, to express N-terminal His~6~-MS2 fusion proteins. For SL2 cell culture experiments Unr full-length was cloned into a pAc5.1B vector, which contains a C-terminal His~6~ and V5 tag.

The protein constructs were cloned using the restriction free cloning approach. Point mutations were inserted by site directed mutagenesis ([@bib12]).

The msl2 promotor-constructs (msl2-FC-bGal ([@bib41]) and BmutLMS2 ([@bib1])) were used as described before.

### Protein Purification {#sec4.4.2}

After expression of the proteins, the harvested cells were resuspended in 50 mM HEPES/NaOH pH 8.0, 500 mM NaCl, 1.4 mM β-mercaptoethanol, 30 mM imidazole, (and 1M urea for full-length Unr) and lysed using a French press. The cleared lysate was applied to a 5 mL Nickel-nitrilotriacetic acid (Ni-NTA) column (Macherey-Nagel) and after washing with 10 column volumes (CVs) lysis buffer, the protein was eluted by increasing the imidazole concentration to 500 mM. Except for MS2 tagged full-length Unr constructs, all proteins were cleaved with TEV-protease and dialyzed overnight at 4°C against 10 mM imidazole and 150 mM NaCl using dialysis tubes with cut-offs between 3.5-10 kDa. After passing through a second Ni-NTA column, constructs, that include CSD1 were injected on a 5ml FF Heparin column (GE) and eluted with a 2 M salt buffer to remove unspecifically bound bacterial RNAs. In a last step all proteins (except the His~6~ tagged full-length Unr constructs, which were only buffer exchanged on a HiPrep 26/10 Desalting column (GE)) were purified and buffer exchanged via size-exclusion chromatography on a S75 gel-filtration column (GE) and concentrated to desired values using Amicon Ultra Centrifugal Filters with respective cut-off sizes (Merck-Millipore).

NMR sample buffer was 20 mM NaP (pH 6.5), 50 mM NaCl, 1 mM DTT (10 mM for CSD12), 10% D~2~O and 0.01% NaN~3~), whereas proteins for crystallization, SAXS and EMSA were prepared using 25 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 1 mM DTT and 0.01% NaN~3~. The MS2 tagged full-length Unr constructs, that were used for *in vitro* translation assays were, after the first Ni-NTA column, further purified using Anti-FLAG M2 magnetic beads according to the manufactures protocol and finally dialyzed against a buffer containing 20 mM HEPES/NaOH pH 7.4, 20% Glycerol, 1 mM DTT, 0.01% NP-40 and 0.2 mM EDTA.

Protein quality was assessed by Coomassie staining and protein quantity was assessed by using NanoDrop or BCA Assay Kit for CSD12, CSD123, CSD6, CSD8 and CSD9.

### Crystal structure determination {#sec4.4.3}

CSD456 was concentrated to 20 mg/ml. The crystals have grown in 0.1 M tri-sodium citrate at pH 5.5 and 20% PEG3000 at room temperature to a size of about 0.7x0.2x0.2 mm size without any visible macroscopic defects. For heavy atom soaking, crystals were left in 0.1 mM (C~2~H~5~HgO)~2~HPO~2~ over night at room temperature. Before freezing, crystals were soaked in mother liquor supplemented with 40% glycerol as a cryoprotectant and multiwavelength anomalous diffraction (MAD) datasets were collected at the ID29 beamline of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. Heavy atom-soaked crystals diffracted up to 2.2 Å. Data was processed in XDS ([@bib56]) and phasing and initial automated model building was performed using AutoSol from the Phenix suite ([@bib64]; [@bib101]). The resulting structure was further refined with several rounds of model building in COOT ([@bib28]) and refinement in the Phenix suite. Structural statistics are listed in [Table S3](#mmc1){ref-type="supplementary-material"}.

### NMR spectroscopy {#sec4.4.4}

All NMR measurements were performed at 298 K on Bruker Avance III NMR spectrometers with magnetic field strengths corresponding to proton Larmor frequencies of 600 MHz, 700 MHz or 800 MHz equipped with a cryogenic triple resonance gradient probe head (600 and 800 MHz), or a room temperature triple resonance probe head (700 MHz). NMR sample concentrations for acquiring experiments necessary for structure calculation (backbone and sidechain assignment experiments, as well as 3D-NOESY-type experiments) were 0.5 mM for CSD78 and 0.3 mM for CSD12 with RNA (AAA AAA AUG) in 1.2x molar excess (to improve sample stability). For backbone assignments of CSD456 and 789, samples with a concentration of 0.3 and 0.5 mM, respectively were used. Experiments for backbone assignments have been performed on ^13^C,^15^N-labeled samples (using 70% D~2~O in growth medium for CSD456 and CSD789) using conventional triple-resonance experiments (HNCO, HNCA, CBCA(CO)NH, HN(CO)CA and HNCACB) ([@bib121]). Side chain assignments were done using HBHA(CO)NH, HCCH-TOCSY, and CCH-TOCSY spectra. 3D ^13^C-NOESY-HMQC and ^15^N- NOESY-HSQC spectra with 100 ms mixing times and 3D (H)CCH HMQC-NOESY-HMQC, 3D HCH NOESY-HMQC and (H)CNH HMQC-NOESY-HSQC spectra with 70 ms mixing times were used for side chain and NOE assignments to derive distance restraints. 3D HMQC-based spectra were recorded in D~2~O with a decoupling scheme as described in ([@bib90]). All spectra were acquired using the apodization weighted sampling scheme ([@bib93]) and processed using NMRPipe ([@bib18]). Resonance assignments were done with the program Cara ([@bib58]).

CYANA 3.98 ([@bib43]) was used for NOE-based structure calculation. Dihedral angle restraints were derived from backbone chemical shifts, using the program TALOS ([@bib92]). A final water refinement was done using ARIA 1.2 ([@bib67]; [@bib82]). Structure validation of the final ensemble of 20 structures with lowest energies was done using PROCHECK and WHATCHECK ([@bib50]; [@bib61]). The structural statistics are shown in [Table S2](#mmc1){ref-type="supplementary-material"}.

For NMR-based RNA titrations, a protein concentration of 0.1 mM was used for CSD6, CSD8, CSD9 and CSD78. CSD12, CSD456 and CSD789 were titrated at a concentration of 0.2 mM. The 15N labeled proteins were titrated with various ratios of a purchased RNA oligonucleotide (AAA AAA AUG), and a ^1^H,^15^N HSQC was recorded for each titration point. Further for CSD789 a deuterated protein sample was used to titrate an A15-mer RNA oligonucleotide. As the RNA stock solution was highly concentrated (10 mM), the dilution effect was negligible but still taken into account. Titration data was analyzed using Sparky ([@bib62]) and chemical shift perturbations δ (ppm) at saturation were calculated according to: δ(ppm) = $\sqrt{\left( {\mathit{\Delta}H} \right)^{2} + \left( {0.2\mathit{\ast}\mathit{\Delta}N} \right)^{2}}$ ([@bib112]). CCP was used to determine the dissociation constants by fitting the chemical shift perturbations versus the RNA concentration of residues which shift at a protein:RNA ratio of 1:2 more than the average plus the standard deviation of all measured shifts using $A\left( {B + x - \sqrt{\left( {\left( {B + x} \right)^{2} + 4x} \right)}} \right)$ as a fitting function ([@bib105]).

R1, R2 and 1H-15N heteronuclear NOE experiments were acquired using standard pulse sequences ([@bib57]; [@bib117]). Relaxation delays for *R*~*2*~ and *R*~*1*~ were chosen dependent on the size of the protein (CSD78, *R*~*1*~: relaxation delays of 1600, 20, 1300, 50, 800, 100, 500, 250, 650, 150, 1000, 400, 50 and 500 ms, *R*~*2*~: 16, 128, 192, 48, 80, 160, 32, 112, 64, 96, 144, 16, 80 and 160 ms, CSD12, *R*~*1*~: 2000, 50, 100, 700, 300, 400, 200, 1000, 150, 500, 1600 and 50 ms, *R*~*2*~:16, 132, 64, 32, 50, 100, 116, 166, 200, 16, 132 and 64 ms)

PINT ([@bib4]; [@bib74]) was used for the analysis of peak integration and data fitting to derive spin relaxation parameters from which the rotational correlation time (τ~c~) was calculated for each construct according to ([@bib57]).

### SAXS data acquisition and analysis {#sec4.4.5}

SAXS statistics are listed in [Table S4](#mmc2){ref-type="supplementary-material"} according to community guidelines ([@bib102]). The proteins were measured in the BioSAXS beamline BM29 ([@bib78]) at the ESRF, Grenoble, using an X-ray wavelength of 0.992 Å. For the measurements 30 μL of protein sample or buffer were purged through a quartz capillary at 25°C, while 10 frames with 0.5 s exposure time per frame were collected using a Pilatus 1M detector. Each individual frame was checked for radiation damage and all frames without damage were merged. The buffer was measured before and after each sample and its contribution was subtracted from the merged datasets of the protein samples. A Guinier analysis was carried out to assess data quality. The data were analyzed using the data analysis software package ATSAS 2.7.1 ([@bib31]). CRYSOL calculations were done using the default settings ([@bib99]).

### Electrophoretic mobility-shift assays (EMSA) {#sec4.4.6}

SL67 RNA that was used for the EMSAs (5′-ACAAUAUGCAAUACAAUACAAUACAAGACAAAAAAAUGUGUCUUGGAACCAACAUUGUACAAGUCGCAAUGCAAACUGAAGUCUUAAAAGACGUGUAAAAUGUUGCAAAUUAAGCAAAUAUAUAUGCAUAUAUGGGUAACGUUUUACGCGCCUUAACCAGU-3') was prepared by T7 *in vitro* transcription using unlabeled rNTPs and a template which was cloned into pUC19 plasmid DNA and contained a hammerhead ribozyme (HH) cleavage site (in *cis*) at the 5′ end and a VS (Varkud satellite) ribozyme recognition sequence at the 3′ end (for cleavage in *trans*). After transcription, proteins were removed by phenol/chloroform extraction. The RNA was purified by denaturing 12% PAGE and extracted from the gel by electro-elution. The final sample was concentrated and dialyzed against 20 mM NaPi, pH 6.5 buffer

All RNA-binding reactions were performed in a binding buffer containing 20 mM HEPES/NaOH pH 7.5, 50 mM NaCl, 10% \[v/v\] glycerol and 2 mM DTT. Reactions were equilibrated for 1 hr at 4°C. Next, the samples were resolved in a 6% native polyacrylamide gel in 0.5xTBE at 4°C for 3-4 hours. Each reaction contained a fluorescently labeled probe (∼25 nM RNA) which was obtained by 3′ end labeling with T4 NA ligase, ATP and pCp-Cy5. The gels were imaged with a Typhoon Trio imager (GE Healthcare).

### Protein melting temperature {#sec4.4.7}

Protein melting temperature was determined using nanoDSF technology (nanotemper) and the intrinsic tryptophan fluorescence of some Unr constructs. Proteins were soaked into the capillary and heated up 1°C/min. Depending on the protein concentration the excitation varied from 10%--30%. The data analysis was done with provided software, and the temperature at which 50% of the protein is unfolded was taken as melting temperature.

### Circular dichroism {#sec4.4.8}

The proteins were dialyzed into a buffer containing 20mM HEPES/NaOH pH 7.5, 20 mM NaCl and 1 mM DTT for circular dichroism (CD) measurements. The measurements were done at 10 μM concentration in a 0.2 mm cuvette at 20°C, using a Jasco J-815 CD spectrometer. The wavelength range was 240 to 190 nm, measured with 0.1 nm steps, and averaged over 5 points per wavelength. Analysis was done using SELCON3 to calculate the secondary structure content ([@bib95], [@bib96]).

### *In vitro* translation assay {#sec4.4.9}

The mRNAs were *in vitro* transcribed from a linearized vector using a T3 polymerase ([@bib38]). All mRNAs contained a 5′ M7GpppG cap and a poly(A) tail of 73 nucleotides. After *in vitro* transcription all RNAs were purified using G~50~ desalting columns (GE) following the manufactures protocol and a phenol/chloroform extraction, and their quality was assessed in agarose gels.

The *in vitro* translation reactions in *Drosophila* embryo extracts were performed in a final volume of 12.5 μl, as described previously ([@bib38]), with a final concentration of 60 μM amino acids, 0.6 mM DTT, 24 mM HEPES/KOH pH7.4, 0.26 mM Mg(OAc)~2~, 48 mM KOAc, 16.8 mM creatin phosphate, 80 ng/μl creatin kinase, 0.4 ng/μl Renilla mRNA and 1.6 ng/μl BmutL-MS2. Further, increasing amounts of full-length *Drosophila-*MS2 tagged Unr, or mutated versions of it, were added prior to incubation.

The translation efficiency was measured using the Dual Luciferase Assay System. The Renilla values were used as an internal control to correct the Firefly expression.

### RNAi, transfection and reporter gene assay {#sec4.4.10}

RNAi was performed in 6 well dishes as described earlier ([@bib25]). Briefly, 2x106 SL2 cells per well were pelleted and resuspended in 1 mL Schneider's medium without FBS. 15 ug/ml of dsRNA against the 3′UTR of the endogenous Unr or GFP as a control were added directly to each well. After 40 min, 1 mL of 20% supplemented FBS Schneider's medium was added. The dsRNAs were *in vitro* transcribed from amplified template DNA strands using the Megascript T7 kit. Oligonucleotides used to amplify dsRNAs are listed in the Table S7. The cells were transfected with Effectene according to the recommendations three days after the knock-down. 2 ng of pAC-SXL, 75 ng of the reporter gene construct, 100 ng of pAC-V5-Unr, 10 ng pf pAC-Renilla and 163 ng of an empty pAC vector from endotoxin free isolated DNA were used per reaction. β-gal activity was measured with Galacto-Star and Rluc activity with Renilla substrate, both according to recommendations. The luminescence activities were later normalized against mRNA levels of β-gal and RLuc obtained by RT-qPCR. qPCR was performed using SYBR Green on Applied Biosystems 7000 and the used primers are listed in the Supplemental Material. RNA was extracted using Trizol reagent and the DNA was digested using the Turbo DNase Kit according to manufacturer's protocol. Reverse transcription was done using the SuperScript II reverse transcriptase according to manufacturer's protocol. A western blot was done to assess the quality of the knock-down and the transfection efficiency of Unr. After blotting the gel on a nitrocellulose membrane and blocking in 5% milk in PBS-T for 2h at room temperature, the primary antibodies were added and incubated overnight in the cold room under agitation. For detection of Unr a polyclonal antibody serum against amino acids 1-156 of Unr (1:2000) and a monoclonal anti-V5 antibody (1:1000) were used. Tubulin was used as a loading control and detected by a monoclonal anti-tubulin antibody (1:2000). The blots were incubated with a secondary HRP-linked antibody afterward and developed using an ECL substrate.

### Unr immunoprecipitation {#sec4.4.11}

For Unr immunoprecipitation, endogenous Unr was knocked down to liberate rate-limiting targets and the SL2 cells were transfected with 2 μg pAC-Unr wild-type and mutants (456 ID and 456-78 ID) and an empty pAC vector as described before in a 10 cm dish per reaction. UV crosslinking was done three days after the transfection in a thin layer of ice-cold PBS at 300 mJ/cm^3^ to stabilize transient and weak RNA protein interactions. For cell lysis, cells were sonicated in 20 mM HEPES/NaOH pH 7.5, 100mM NaCl, 1mM MgCl~2~, 0.05% NP-40 and 40U/ml RNaseOUT for 3 cycles of 30 s at a low energy level using a Bioruptor (Diagenode). Afterward the cleared lysate of the wild-type, mutant and empty vector transfected cells was incubated with 1 μg of V5 antibody per 3 mg of total protein and incubated at 4°C for 2h. The total protein concentration was determined earlier by a BCA assay. After incubation, 4 μL of magnetic protein A/G beads per 1 μg of used antibody was added and incubated for another 10 minutes. To get rid of unspecific binding the samples were washed with 1 mL 20 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5 mM DTT, 40U/ml RNaseOUT and 1% Triton-X for three times, before the beads were resuspended in the final buffer and volume. In case of the RNase treated samples, 250U of benzonase were added during washing steps. For RIP-Seq experiments samples were resuspended in 125 μL of 20 mM HEPES/NaOH pH 7.5 and 150 mM NaCl and IP-MS samples were resuspended in 30 μL 20 mM HEPES/NaOH pH 7.5, 150 mM NaCl and 10% SDS.

### RNA sequencing and data analysis {#sec4.4.12}

The immunoprecipitated samples were incubated with 0.2 mg/ml Proteinase K for 30 min at 55°C. Afterward 400 μL Trizol were added and the RNA was extracted according to recommendations. Finally, the RNA was resuspended in 10 μL water and the ribosomal RNA was depleted using an approach of fishing for ribosomal RNA with biotinylated oligonucleotides ([@bib33]; [@bib34]). After checking the RNA depletion on a Bioanalyzer (Agilent) a barcoded stranded cDNA library was generated using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. Obtained libraries that passed the QC step were pooled in equimolar amounts; 1.9 pM solution of this pool was loaded on the Illumina sequencer NextSeq 500 and sequenced uni-directionally, generating ∼500 million reads, each 85 bases long. The alignment of the sequencing reads was done using STAR aligner version 2.7.1a to a genome reference of *Drosophila melanogaster* BDGP6.22.97 from ENSEMBL ([@bib21]). The read counts were obtained using in-built implementation of HTSeq-count in STAR aligner with the '--quantMode GeneCounts' option (Table S6). Finally the analysis of triplicate samples to generate PCA plots and assess differentially expressed genes was done in R v3.5.1 using DESeq2 v1.20.0 ([@bib68]). The EnhancedVolcano package v1.3.5 was used to generate the volcano plots ([@bib10]). To tweak the appearance of the resulting figures ggplot2 was used ([@bib109]). The VennDiagram package v1.6.20 was used to generate the Venn diagrams ([@bib15]).

### Sample preparation and LC-MS/MS analysis of IP-MS samples {#sec4.4.13}

The immunoprecipitated samples of control, wild-type and mutant in the absence and presence or RNase were incubated for 5 min at 95°C and subjected to an in-solution tryptic digest using a modified version of the Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) protocol ([@bib53]; [@bib71]). In total three biological replicates were prepared including control, wild-type and mutant derived lysates (n = 3). To check the pull down efficiency a TGX 4%--20% gradient polyacrylamide gel was silver stained using the Pierce Silver Stain kit according to manufacturer's protocol. The lysates were added to Sera-Mag Beads in 10 μl 15% formic acid and 30 μl of ethanol. Binding of proteins was achieved by shaking for 15 min at room temperature. SDS was removed by 4 subsequent washes with 200 μl of 70% ethanol. Proteins were digested overnight at room temperature with 0.4 μg of sequencing grade modified trypsin in 40 μl HEPES/NaOH, pH 8.4 in the presence of 1.25 mM TCEP and 5 mM chloroacetamide. Beads were separated, washed with 10 μl of an aqueous solution of 2% DMSO and the combined eluates were dried down. Peptides were reconstituted in 10 μl of H2O and reacted for 1 h at room temperature with 80 μg of TMT10plex ([@bib108]) label reagent dissolved in 4 μl of acetonitrile. Excess TMT reagent was quenched by the addition of 4 μl of an aqueous 5% hydroxylamine solution. Peptides were reconstituted in 0.1% formic acid, mixed to achieve a 1:1 ratio across all TMT-channels and purified by a reverse phase clean-up step (OASIS HLB 96-well μElution Plate, Waters). Peptides were subjected to an offline fractionation under high pH conditions ([@bib53]). The resulting 12 fractions were then analyzed by LC-MS/MS using a 2h gradient on an Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) as previously described ([@bib97]). To this end, peptides were separated using an Ultimate 3000 nano RSLC system (Dionex) equipped with a trapping cartridge (Precolumn C18 PepMap100, 5 mm, 300 μm i.d., 5 μm, 100 Å) and an analytical column (Acclaim PepMap 100. 75 × 50 cm C18, 3 mm, 100 Å) connected to a nanospray-Flex ion source. The peptides were loaded onto the trap column at 30 μl per min using solvent A (0.1% formic acid) and eluted using a gradient from 2 to 40% Solvent B (0.1% formic acid in acetonitrile) over 2 h at 0.3 μl per min (all solvents were of LC-MS grade). The Orbitrap Fusion Lumos was operated in positive ion mode with a spray voltage of 2.4 kV and capillary temperature of 275°C. Full scan MS spectra with a mass range of 375--1500 m/z were acquired in profile mode using a resolution of 120,000 (maximum fill) time of 50 ms or a maximum of 4e5 ions (AGC) and a RF lens setting of 30%. Fragmentation was triggered for 3 s cycle time for peptide like features with charge states of 2--7 on the MS scan (data-dependent acquisition). Precursors were isolated using the quadrupole with a window of 0.7 m/z and fragmented with a normalized collision energy of 38. Fragment mass spectra were acquired in profile mode and a resolution of 30,000 in profile mode. Maximum fill time was set to 64 ms or an AGC target of 1e5 ions). The dynamic exclusion was set to 45 s.

Acquired data were analyzed using IsobarQuant ([@bib32]) and Mascot V2.4 (Matrix Science) using a reverse UniProt FASTA *Drosophila melanogaster* database (UP000000803) ([@bib7]) including common contaminants. The following modifications were taken into account: Carbamidomethyl (C, fixed), TMT10plex (K, fixed), Acetyl (N-term, variable), Oxidation (M, variable) and TMT10plex (N-term, variable). The mass error tolerance for full scan MS spectra was set to 10 ppm and for MS/MS spectra to 0.02 Da. A maximum of 2 missed cleavages were allowed. A minimum of 2 unique peptides with a peptide length of at least seven amino acids and a false discovery rate below 0.01 were required on the peptide and protein level ([@bib89]).

### Data analysis of mass spectrometry experiments {#sec4.4.14}

The protein.txt output files of IsobarQuant ([@bib32]) were processed with the R programming language (ISBN 3-900051-07-0). To ensure a good data quality, only proteins that were quantified with at least 2 unique peptides (qupm column \> = 2) were used for the following analysis. Furthermore, only proteins that have been identified in two out of three replicates were kept. The 'signal_sum' columns were cleaned for batch effects using the removeBatchEffect function of the limma package ([@bib83]). Then, data were normalized with the vsn package ([@bib52]). A separate normalization was applied for control conditions, normal pull-down conditions and RNase treated pull-down conditions. Potential missing values were imputed with the impute function of the Msnbase package ([@bib36]). Limma was used to test for differential abundance. Within this analysis, imputed values were given a weight of 5%. When testing for differential abundance between conditions of different normalization groups (e.g., normal pull-down versus control condition), adjusted p values from limma output were used as the false discovery rate (fdr). For all other tests, t-values from the limma output were used as an input to the fdrtool function of fdrtool ([@bib98]) in order to calculate the fdr (qvalues were used). Proteins were classified as 'hit' with an fdr smaller 5% and a fold-change of at least 100% and as 'candidate' with an fdr smaller 20% and a fold-change of at least 50%. Hit and candidate proteins (tests: mutant versus WT, mutant_RNase versus WT_RNase, mutant versus WT / mutant_RNase versus WT_RNase) were clustered based on the Euclidean distance between normalized tmt reporter io signals (signal_sums) normalized by the WT or WT_RNase condition using the kmeans algorithm.

### Sequence alignment and HMMER prediction {#sec4.4.15}

Sequences were aligned using the clustal omega tool ([@bib69]). Afterward the alignments were graphically modified using ESPript ([@bib40]). For the hidden markov model-based search, a sequence alignment only from the non-canonical CSDs was used as an input. The search was then run on the webserver ([@bib80]).

### Data presentation {#sec4.4.16}

Graphs were plotted using either Gnuplot 4 or Prism 5. Structure representations were done using PyMOL 2.3.2 ([@bib19]). Structures were superimposed using either the align algorithm for molecules with sequence identity, or the super algorithm for proteins, that differ in their protein sequence. The figures were generated using Inkscape version 0.92.3.

Quantification and Statistical Analysis {#sec4.5}
---------------------------------------

Chemical shift perturbations in [Figure 2](#fig2){ref-type="fig"} were considered as significant for values bigger than the average plus the standard deviation of all measured shifts, which is indicated with a red line within each plot. The errors for the relaxation data in [Figures 3](#fig3){ref-type="fig"}C and 3E are derived from duplicate measurements of two relaxation delays for each experiment and further include the error of the exponential fit. These values are generated by the software (PINT; [@bib4]; [@bib74]). Except for [Figure 4](#fig4){ref-type="fig"}B, where only duplicates were measured, the mean of three individual experiments and the corresponding standard deviation is shown in [Figures 4](#fig4){ref-type="fig"}A and 4E, as indicated in Figure legend. These data were plotted and analyzed using GraphPad Prism 5. Hits for the RIP seq data ([Figures 4](#fig4){ref-type="fig"}C and 4D) were classified to be significant where the adjusted p value was lower than 0.1. In [Figures 5](#fig5){ref-type="fig"}D and 5E, proteins were classified as 'hit' with an fdr smaller 5% and a fold-change of at least 100% and as 'candidate' with an fdr smaller 20% and a fold-change of at least 50%. The analysis was done using RStudio.
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